During the resource crisis, swell energy received an increasing amount of attention due to its stability, huge energy storage and dominant role in the mixed wave. Investigation of the swell propagation is beneficial for wave energy forecasting, swell monitoring and warning and so on. However, little research has been conducted on this topic so far. The traditional method is to choose a region in advance (short as pre-chosen region) and then detect the propagation termination of the swell of this region, which is limited in effectiveness because the swell of the pre-chosen region may not propagate to the area focused. Based on the 40-year European Centre for Medium-Range Weather Forecast (ECMWF) re-analysis (ERA-40 wave reanalysis), this study proposed a back-stepping method to trace the source of swell energy. The Clipperton Island waters are selected as a case study. Results show that the back-stepping method is an effective way to trace back the source of swell energy. The swells of the Clipperton Island waters mainly come from the winter Hemisphere. The swells need about 120 hours to propagate from the Hawaii waters to the Clipperton Island waters, while 180 hours to propagate from the Maria-Theresa Reef to the Clipperton Island waters.
I. INTRODUCTION
Under the background of energy and environmental crisis, wave energy is becoming a new focus pursued by developed countries due to its advantages, such as nonpollution, renewable and large reserves. Wave power generation is the main utilization methods of wave energy, which can provide energy for offshore islands, oil platforms and offshore lighthouses. The development of renewable energy is beneficial for alleviating human energy crisis, protecting marine ecology [1] - [3] , enhancing the viability of remote islands, improving the life quality of residents on the remote islands and reefs, promoting the development of island tourism and deep sea development, etc., which will undoubtedly become a new highlight and promising prospect for sustainable development of human beings. Additionally, the development of wave energy will be competitive as the The associate editor coordinating the review of this manuscript and approving it for publication was Rui Xiong . cost goes down [4] - [6] . Understanding the energy characteristics is the prerequisite for orderly and efficient development of resource [7] , [8] . Liang et al. [9] carried out a numerical study of the Qingdao coast. They pointed out that the wave-current interaction should be considered when performing estimation of the wave energy in the shallow nearshore zones with macro tidal range and current. Bueno et al. [10] proposed a significant wave height and energy flux prediction scheme for marine energy applications and obtained good results. Khojasteh et al. [11] stated that there were many energy hotspots with a high potential for marine energy development in the Caspian Sea, the Persian Gulf and the Gulf of Oman. Ghosh et al. [12] proposed a method used the multiple-criteria decision-making cascaded to artificial neural networks techniques to predict an index that directly represents the suitability of locations for wave energy generation.
Previous researches have made great contribution to the climatic characteristics analysis [13] , short-term forecasting of wave energy [12] , [14] , [15] . However, the existing work mainly focused on the mixed wave energy. The research on the swell energy is still scarce. In recent years, swell energy has received an increasing amount of attention due to its stability and capacity to provide vast quantities of energy [16] , [17] . Under the conditions of extremely scarcity in wave data that separated wind-sea and swell, the predecessors made great contributions to the technology of wind-sea and swell separation, characteristics of swell index (SI, proportion of swell energy in the mixed wave energy), swell pool, climatic trend of swell energy, etc. [18] , [19] , [20] . However, the investigation of swell propagation is still scarce. Early in the 1960s, researchers found that swells can propagate long distance, even up to half of the Earth's perimeter [21] . Alves [22] divided the global oceans into 13 regions to analyze the propagation characteristic of swells. Results show that large number of south Indian Ocean westerly swells freely propagate eastward into the tropical and subtropical latitudes of the Indian Ocean and Pacific Ocean. Zheng and Li [23] proposed a method to accurately present the propagation route and speed of swells. And the Indian Ocean is selected as a case study. Results show that the swells from the western part of the south Indian Ocean usually propagate to two areas: the Sri Lanka waters and the Christmas Island waters.
An in-depth investigation of swell energy, especially the propagation characteristic of swells, will make a positive contribution to improving the precision of short-term forecasting and long-term projection of wave energy, as well as swell monitoring and warning, etc. Chen et al. [18] and Zheng et al. [19] pointed out that the ocean wave had a significant impact on the air-sea interaction and the swells played a dominant role in most of the global oceans, meaning that an in-depth analysis of swell energy can also make a positive contribution to understanding the characteristics of ocean environment, as well as the global climate change analysis. Previous researches have made great contributions to the analysis of swell propagation. The traditional analysis method of swell propagation mainly divides the global oceans into several large areas (short as pre-chosen region), and then analyzes the propagation routes and terminations of swells of these pre-chosen regions (especially focus on the north and south hemisphere westerly oceans). The existing work about swell propagation is in urgent need of improvement for the following reasons. Firstly, swell generated from the pre-chosen region often may don't propagate to the area focused, resulting in a negative effect on the swell monitoring and warning. Secondly, the scope of the pre-chosen region is often much larger than that of the source area of swell, which is not conducive to the accurate swell monitoring by focusing on the source area with small scope. Thirdly, there is a strong subjectivity in choosing an area in advance to study the swell propagation of that area, which can easily divide the source area of the swell into two parts artificially, thus affecting the analysis of swell propagation characteristics. In this study, a back-stepping method was proposed to realize the accurate source tracing of swell energy, which can lock the swell source of the focused area into a small range, so as to provide more accurate and practical scientific basis for the swell monitoring and early warning.
II. DATA AND METHODS

A. DATA
The data used in this study is the ERA-40 wave reanalysis from the European Centre for Medium-Range Weather Forecast (ECMWF), which is the first reanalysis product produced by coupling simulation results from the wave-atmosphere Model (WAM) with assimilated observation data. It has a wide range (90 • S-90 • N, 180 • W-180 • E) and long time series (September 1957 to August 2002). Its spatial and time resolutions are 1.5 • ×1.5 • and 6 hours separately. The main advantage of these data is that they separate the wind-sea from swells. It can be available at https://apps.ecmwf.int/datasets/ data/era40-daily/levtype=sfc/. And this data is widely used to analyze the ocean wave characteristics of the global oceans, particularly in the North Atlantic and North Pacific Ocean [24] - [26] .
B. METHOD
This study presents a back-stepping scheme (Figure 1 ), to discover the source of swell energy of area focused, thus to provide reference for the wave energy development, as well as swell monitoring and warning. The source tracing of the swell energy of the Clipperton Island waters is selected as a case study. The specific methods to achieve the following: Step 1, the 6-hourly swell wave power density (WPD) of the Pacific Ocean in June-July-August (JJA) 2001 is obtained using the swell wave height and swell wave period from the ERA-40 wave reanalysis and the WPD calculation method [27] .
Step 2, averaging the WPD of the Clipperton Island waters for the period 0000 UTC on June 1 st , 2001, a regional average value is obtained (shorten as WPD E ). Using the same method, 6-hourly WPD E in JJA 2001 is obtained. Step 3, calculate the simultaneous correlation between the 6-hourly WPD E and the WPD of the Pacific Ocean at each 1.5 • ×1.5 • bin in JJA 2001, then obtain a region with correlation passing the significance test (this study takes the confidence level of significant at 0.001, the same below). And highlight the area passing the significance test. Step Step 5, connect all the highlighted areas with curves to exhibit the source of the swell.
Step 6, referring to Step 2, 6-hourly WPD of the source region (denoted as WPD S ) in June 2001 is obtained. Then the simultaneous, leading and lagging correlations between the 6-hourly WPD S and WPD E for June 2001 are calculated.
Step 7, referring to Step 6, the simultaneous, leading and lagging correlations between the 6-hourly WPD S and WPD E for all the June of the past 45 years (1957.09-2002.08) are calculated. Then the multi-year average values of the simultaneous, leading and lagging correlations between WPD S and WPD E in June is obtained. A peak value can be found when WPD S leading N intervals, exhibiting the time required for swell to propagate from the source region to the area focused.
Step 8, referring to Step 7, we can calculate the time required for swell propagating from source to area focused in each month under the multi-year average status.
III. RESULTS AND DISCUSSION
A. SOURCE TRACING OF SWELL ENERGY
First, the correlations between the 6-hourly WPD E and the simultaneous WPD at each 1.5 • ×1.5 • bin of the Pacific Ocean in December-January-February (DJF) 2001 are calculated and contoured, as shown in Figure 2a . The correlations between the 6-hourly WPD E of lagging 24, 48, 72, 96, 120, 144, 168, and 192 hours separately and the WPD at each As shown in Figure 2a , there is a good simultaneous correlation between the WPD in the waters surrounding Clipperton Island and WPD E , with a correlation greater than 0.8 in the large value center. When the WPD E lagging 24 hours (Figure 2b) , the value of the correlation decreases gradually. The range of area significant at the 0.001 confidence level (shorten as significant area) grows, while the area ranges with a correlation greater than 0.8 shrinks. After 48 hours (Figure 2c ), the value of the correlation continuously decreased, and the area range with a correlation greater than 0.8 disappeared; however, the scope of significant area grew to its largest size. After 72-192 hours (Figures 2d-2i ), the value of the correlation and the size of the significant area continuously decreased. Approximately 192 hours later, the significant area range gradually disappeared. It is clearly observable that significant area (particularly the large center) exhibits a southeast-northwest propagation tendency, and the northern Hawaii waters (black rectangle of Figure 2h , referred to as region S1) is the source of swell for the Clipperton Island waters. Figure 2 shows the source of swell of the Clipperton Island waters in DJF 2001. Using the same method in Figure 2 , the source of swell of the Clipperton Island waters in JJA 2001 is also analyzed, as shown in Figure 3 . For simultaneous correlation between WPD E and WPD at each 1.5 • ×1.5 • bin (Figure 3a ), the correlation isoline exhibits a southeast-northwest spatial distribution, with large value center located in the Clipperton Island waters. With the time goes back (WPD E lagging 24, 48, 72, 96, 120, 144, 168 hours), the correlation of the large value center decreases and moves to the Maria-Theresa Reef (the east of New Zealand) along the southwest ward. Obviously, the source of swell of the Here, the relative large areas of correlations of each small picture in Figure 2 are highlighted, dotted line as the edge, and filled with blue color. Then connect all the relative large values of correlation with red solid line, as shown in Figure 4a . The propagation route and source of swell in Figure 4a is clearer than that in Figure 2 . Obviously, the source of swell energy of region E in DJF can be traced backed to the northern Hawaii waters (shorten as region S1). The swell of the north of the Hawaii is inspired by the North Pacific Ocean westerly. Due to the inertia effect, the swell of the northern Hawaii waters propagates along the east-southeast (ESE) direction for the early period. During the process of moving away from the North Pacific Ocean westerly, the propagation direction of swell changed to southeast (SE) under the influence of west coastal terrain of the North America and Coriolis force.
Similarly, the propagation route of swell of region E in JJA 2001 is also contoured, as shown in Figure 4b . The source of swell of region E in JJA can be traced backed to the Maria-Theresa Reef (shorten as region S2). The Southern Hemisphere is in winter in JJA. And the wind speed of the South Pacific Ocean westerly in winter is strongest all year round. For the inertia effect, the swell inspired by the South Pacific Ocean westerly propagates along the east-northeast (ENE) direction for the early period. Then, under the impact of Coriolis force, the propagation direction of swell changed to northeast (NE). Finally, the swell reached the Clipperton Island waters.
To test the feasibility and exhibit the advantage of the back-stepping method of tracing the source of swell energy proposed by this study, the swell source detection of the Sri Lanka waters (blue rectangle of Figure 5a ) in DJF and JJA 2001 are also carried out by using this method, as shown in Figure 5a swells can propagate into the tropical and subtropical latitudes of the Indian Ocean [22] , [23] . Referring the traditional method, the south Indian Ocean westerly (red rectangle of Figure 5c ) is pre-chosen. Then the propagation route and terminal region in JJA is exhibited, as shown in Figure 5c . Based on the traditional conclusion, it hard to achieve the swell monitoring of the Sri Lankan waters, for the range of the South Indian Ocean westerly is too large. Comparing Figure 5b and 5c, an obvious difference can be found. The scope of swell energy source of the Sri Lanka waters in Figure 5b is much smaller than that in Figure 5c . In addition, Figure 5c cannot accurately exhibit the source of swell energy of the Sri Lanka waters as that in Figure 5b . There are two advantages of back-stepping method of source detection of swell energy proposed by this study. Firstly, this method can detect the swell energy source more accurate. Secondly, this method can focus the source in a much smaller area. Obviously, a smaller scope and accurate range of source region is more benefit for swell monitoring and swell energy forecast.
B. RELATIONSHIP BETWEEN SWELLS OF THE SOURCE REGION AND TERMINAL REGION
From the above analysis, it is clear that region S1 is the source of the swell of region E in DJF 2001. To show the close relationship between the swell in the source region and the terminal region more clearly, the correlations between the WPD in region S1 (WPD S1 ) and the WPD in region E (WPD E ) are calculated, and the time series for DJF 2001 is selected for the case study.
First, the 6-hourly values of WPD S1 and WPD E in DJF 2001 are plotted, as shown in Figure 6a . Subsequently, the simultaneous, leading and lagging correlations between them were calculated ( Figure 6b ) according to the methods of Zheng et al. [28] and Gan and Wu [29] . Based on observing the curves of WPD S1 and WPD E , it is difficult to find a good agreement. However, based on the leading and lagging correlations, it is obvious that the correlation reaches a peak value of 0.79 (significant at a 0.001 confidence level) when WPD S1 leading 21 intervals (21 × 6 hours =126 hours). The leading correlation can be seen more clearly in Figure 7a , which shows the time series of WPD E with a lag of 126 hours than WPD S1 . The curves in Figure 7a overlie one another perfectly, implying that it takes the swell energy from region S1 approximately 126 hours to propagate from region S1 to region E.
Similarly, the 6-hourly values of WPD in region S2 (WPD S2 ) and WPD E in JJA 2001 are presented in Figure 6c . And their simultaneous, leading and lagging correlations are presented in Figure 6d . Obviously, there does not exist a significant simultaneous correlation between the WPD S2 and WPD E . The correlation reaches a peak value of 0.55 (significant at a 0.001 confidence level) when WPD S2 is leading by 28 intervals (28 × 6 hours =168 hours), which means that the swell needs about 168 hours to propagate from region S2 to region E. The correlation between WPD E with a lag of 168 hours and WPD S2 in JJA 2001 is presented in Figure 7b to clearly exhibit the close relation between them.
C. PROPAGATION SPEED OF SWELLS
The method shown in Figure 6b is used by Zheng and Li [23] to calculate the propagation speed of swells. Following their method, the speed of swell propagation from region S1 to region E for the past 45 years is calculated. First, the simultaneous, leading and lagging correlations between the 6-hourly WPD S1 and WPD E in January 1958 are calculated, using the method shown in Figure 7b . Similarly, the correlations between the 6-hourly WPD S1 and WPD E in each January for the period between September 1957 and August 2002 are obtained. Subsequently, the multi-year average simultaneous, leading and lagging correlations in January for the past 45 years are obtained. Similarly, the multi-year average correlations from January to December are obtained, as shown in Figure 8 . In January, the correlation reaches the peak value of 0.60 when the swells of region S1 leading about 126 hours (significant at 0.001 confidence level), meaning that the swell propagating from region S1 to region E requires approximately 126 hours. Obviously, the propagation speed can be obtained from the combination of time and distance. The leading role of swell generated from the northern Hawaii waters is significant from October to next March, which should be attributed to the frequent cold air processes that occur from middle autumn to late spring of the following year. For this period, the swells generated from the northern Hawaii waters usually need about 120 hours to spread to the Clipperton Island waters. Between June and September, there is a good simultaneous correlation between the swell energy in regions S1 and E. In-depth research is needed to reveal the physical mechanism of the simultaneous correlations. It is also worth noting that significant simultaneous, leading and lagging correlations do not exist between the swell of region S1 and Region E between April and May. Figure 8 presents the monthly correlations between the swell of region S1 and region E as multi-year averages. To reveal the interannual and interdecadal variations of these correlations, the monthly WPD S1 and WPD E for the past 45 years are presented in Figure 9 . The WPD E is below 40 kW/m for almost the entire past 45 years, and the WPD E does not have pronounced interannual or interdecadal variations over this period. The time series for WPD S1 can be divided in to two periods: for the period 1957-1978, the WPD S is below 100 kW/m; for the period 1979-2002, the winter WPD S is much greater than 100 kW/m, with values of up to 160 kW/m in some years. As a result, the time series was divided into two periods: 1957-1978 and 1979-2002 , to calculate the correlations between the swell energy in region S1 and region E. Using the method in Figure 8 , the monthly correlations between the swell energy in region S1 and region E for the period 1957-1978 are calculated, as shown in Figure 10a . Similarly, the monthly correlations for the period 1979-2002 are also calculated, as shown in Figure 10b . For 1957-1978, the swell from region S1 plays a major role from October to next March, and a simultaneous correlation is found between April and September. For 1979-2002, the swell from region S1 plays a major role from September to next April, and a simultaneous correlation is found between June and August, while no significant correlation is found in May. Regardless of the period, the major role of the swell energy from the northern waters of Hawaii is significant from October to next March, while a simultaneous correlation is found in the summer.
The method shown in Figure 8 is employed to calculate the monthly simultaneous, leading and lagging correlations between the 6-hourlyWPD S2 and WPD E for different periods (1960-1969, 1970-1979, 1980-1989, 1990-1999, and 1960-1999) , as shown in Figure 11 .
For 1960-1969, the correlation reaches a peak value when WPD S2 leading about 180 hours (significant at 0.001 confidence level) in February, meaning that the swell energy propagating from region S2 to region E requires approximately 180 hours in February. Similarly phenomenon can also be found from April to October. It means that the swell in region S2 plays a dominant leading role in February, April-October. There is not significant correlation between the WPD S2 and WPD E from November to January of the next year and March. For 1970-1979, the swell in region S2 plays a dominant leading role from January to July and from September to November. There is not significant correlation in August and December. For 1980-1989, the swell in region S2 plays a dominant leading role from March to August and October. For 1990-1999, the swell in region S2 plays a dominant leading role from January to February, April to August, and October to November. As a whole, there is not obvious different in correlations for different periods. The correlations that significant at 0.001 confidence level are usually distributed from April to August (around winter of the Southern Hemisphere). And the swell propagating from region S2 to region E usually requires about 180 hours.
For 1960-1999, the swell in region S2 can propagate to region E significantly in February, April to August, and October. The correlation usually reaches the peak value when the WPD S2 leading about 180 hours (significant at 0.001 confidence level), meaning that the swells need about 180 hours to propagate from region S2 to region E. There is not significant correlation between the WPD S2 and WPD E from November to next January, March, September. Figures (8, 10, 11 ) indicate the northern Hawaii waters are the swell source of the Clipperton Island waters from October to next March. And the Maria-Theresa Reef waters are the source of swells for the Clipperton Island waters for the period April to August. The swells propagating from the Hawaii waters to the Clipperton Island waters need about FIGURE 11. Monthly characteristics of the simultaneous, leading and lagging correlations between the swell of region S2 (Maria-Theresa Reef waters) and region E (Clipperton Island waters) for different decades (a: 1960-1969, b: 1970-1979, c: 1980-1989, d: 1990-1999, e: 1960-1999) . 120 hours, while propagating from the Maria-Theresa Reef waters to the Clipperton Island waters need about 180 hours. These results are also supported by Figures 2-4 . Obviously, the swells of the Clipperton Island waters mainly come from the winter Hemisphere.
D. TERMINATION OF THE SWELLS OF THE NORTHERN HAWAII WATERS
The above analysis exhibits that the swells of the northern Hawaii waters can propagate to the Clipperton Island.
Is Clipperton Island the only termination of the swell of the northern Hawaii waters? Here, the propagation terminations of swell of the northern Hawaii waters are detected. Zheng and Li [23] contoured the propagation route of swell for the western part of the south Indian Ocean westerlies. Referring to their method, the propagation route of swell of the northern Hawaii waters is contoured, as shown in Figure 12 . First, the correlations between the 6-hourly WPD S1 and the simultaneous WPD at each 1.5 • ×1.5 • bin in the Pacific Ocean in DJF 2001 are calculated, as shown in Figure 12a . Subsequently, the correlation between the 6-hourly WPD S1 and WPD at each 1.5 • ×1.5 • bin of lagging 24, 48, 72, 96, 120, 144, 168, 192, 216, 228 Figure 12k ), while a small branch of swell from the northern Hawaii waters propagates to the Clipperton Island waters (represented by the small red rectangle in Figure 12k ). Combining Figures 2 and 12 , it is clear that the northern Hawaii waters are the source of swell for the Clipperton Island waters in DJF 2001. However, the Clipperton Island waters are not the main termination of swell for the northern Hawaii waters. Figure 12 shows the approximate propagation route of swell of the northern Hawaii waters. Here, the areas with relatively large correlation for each picture of Figure 12 are highlighted (with dotted lines around the edge, filled with blue) and connected with a red solid line, as shown in Figure 13 . Obviously, the swell of the northern Hawaii waters is generated by the North Pacific Ocean westerly. Due to the inertia effect, the swell of the northern Hawaii waters propagates along the east-southeast (ESE) direction for the early stages. As the swell migrated away from the North Pacific Ocean westerly, the propagation direction changed to southeast (SE) for the impact of Coriolis force and topography effect. Obviously, the main body of swells of the northern Hawaii waters propagates to the west coast of central South America, while only a small branch propagates to the Clipperton Island waters. Here, the termination of the swells of the northern Hawaii waters is detected. In the future work, this method can also be used to detect the termination of the swells of the Maria-Theresa Reef waters and other important regions. 
IV. CONCLUSION AND PROSPECTS
In this study, a back-stepping method is proposed to detect the source of swell energy, and the Clipperton Island waters are selected as a case study. The experiment shows that this method can properly reveal the propagation route and source of swell energy. The results show that:
From October to next March, the northern Hawaii waters are the source of swells of the Clipperton Island waters. However, the Clipperton Island waters are not the main termination for swell from the northern Hawaii waters. In this season, the main body of swells of the northern Hawaii waters propagates to the west coast of central South America, while only a small branch propagates to the Clipperton Island waters. From April to August, the Maria-Theresa Reef is the source of swell energy for the Clipperton Island waters.
The swell propagating from the northern Hawaii waters to the Clipperton Island waters takes approximately 120 hours in December-January-February. In addition, the swell propagating from the Maria-Theresa Reef to the Clipperton Island waters needs approximately 180 hours in June-July-August.
This study presents source detection for swells in Clipperton Island waters in December-January-February and June-July-August. In future work, the sources of more regions and in different seasons can be investigated to provide a detailed reference for swell energy development in global oceans. In addition, the data used in this study is the ERA-40 wave reanalysis. In the next work, it is feasible to simulate a long time series and high spatial-temporal resolution wave data by using the numerical wave model, to exhibit the propagation characteristics of swell energy.
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